The totality of neutrino-oscillation phenomena appears to require the existence of a light singlet neutrino. As pointed out recently, this can be naturally accommodated with a specific extra U(1) factor contained in the superstring-inspired E 6 model and its implied particle spectrum. We analyze this model for other possible consequences. We discuss specifically the oblique corrections from Z-Z' mixing, the phenomenology of the two-Higgs-doublet sector and the associated neutralino sector, as well as possible scenarios of gauge-coupling unification.
Introduction
There are experimental indications at present for three types of neutrino oscillations: solar [1] , atmospheric [2] , and laboratory [3] . Each may be explained in terms of two neutrinos differing in the square of their masses by roughly 10 −5 eV 2 , 10 −2 eV 2 , and 1 eV 2 respectively. To accommodate all three possibilities, it is clear that three neutrinos are not enough. On the other hand, the invisible width of the Z boson is saturated already with the three known neutrinos, each transforming as part of a left-handed doublet under the standard electroweak SU(2)×U(1) gauge group. There is thus no alternative but to assume a light singlet neutrino which also mixes with the known three doublet neutrinos. As pointed out recently [4] , this can be realized naturally with a specific extra U(1) factor contained in the superstring-inspired E 6 model and its implied particle spectrum.
In Section 2 we map out the essential features of this supersymmetric SU(3) C ×SU(2) L × U(1) Y × U(1) N model. In Section 3 we study the mixing of the standard Z boson with the Z ′ boson required by the extra U(1) N . We derive the effective contributions of this mixing to the electroweak oblique parameters ǫ 1,2,3 or S, T, U, and show that the U(1) N mass scale could be a few TeV. In Section 4 we discuss the reduced Higgs potential at the electroweak scale and show how the two-Higgs-doublet structure of this model differs from that of the minimal supersymmetric standard model (MSSM). In Section 5 we consider the neutralino sector and show how the lightest supersymmetric particle (LSP) of this model is constrained by the Higgs sector. In Section 6 we venture into the realm of gauge-coupling unification and propose two possible scenarios, each with some additional particles. Finally in Section 7 there are some concluding remarks.
Description of the Model
The supersymmetric particle content of this model is given by the fundamental 27 represen-
components transform as follows [4] .
where τ i are the usual 2 × 2 Pauli matrices and the gauge coupling g N has been normalized to equal g 2 in the E 6 symmetry limit. Let φ 0 1,2 = v 1,2 and χ = u, then for
2 ), and the mass-squared matrix spanning Z and Z ′ is given
The interaction Lagrangian of Z 1 with the leptons is now given by
where the subscripts L(R) refer to left(right)-handed projections and sin
usual electroweak mixing parameter of the standard model. Using the leptonic widths and the forward-backward asymmetries, the deviations from the standard model are conveniently parametrized [6] :
where α is the electromagnetic fine-structure constant. In the above we have also indicated how Z − Z ′ mixing as measured in the lepton sector would affect the oblique S, T, U parameters defined originally for the gauge-boson self energies only [7] . The present precision data from LEP at CERN are consistent with the standard model but the experimental error bars are of order a few × 10 −3 [8] . This means that u ∼ TeV is allowed. Note also that the relative sign of ǫ 1,2,3 is necessarily the same in this model.
Two-Higgs-Doublet Sector
The Higgs superfields of this model (ν E , E), (E c , N c E ), and S are such that the term f (ν E N c E − EE c )S is the only allowed one in the superpotential. This means that a supersymmetric mass term for S is not possible and for U(1) N to be spontaneously broken, the supersymmetry must also be broken. Consider now the Higgs potential. The quartic terms are given by the sum of
and
The soft terms which also break the supersymmetry are given by
The first stage of symmetry breaking occurs with χ = u. From V sof t and V D , we see 
The reduced Higgs potential involving only the two doublets is then of the standard form:
where
assuming that f and A are real for simplicity. In the above, we have of course also assumed implicitly that m proportional to u, as shown in Fig. 1 . As a result [9] ,
It is obvious from the above that the two-Higgs-doublet sector of this model differs from that of the minimal supersymmetric standard model (MSSM) and reduces to the latter only in the limit f = 0. Note that if m Since V of Eq. (22) should be bounded from below, we must have
Hence f 2 has an upper bound. For g
which is a very good approximation if U(1) Y and U(1) N are unified only at a very high energy scale, we find that the ratio f 2 /g 2 Z has to be less than about 0.35. After electroweak symmetry breaking, the upper bound on the lighter of the two neutral scalar Higgs bosons is given in general by
where ǫ comes from radiative corrections, the largest contribution being that of the top quark:
withm coming from soft supersymmetry breaking. In the present model, this becomes
Considered as a function of f 2 , the above quantity is maximized at
Assuming that g 
where m
12 / sin β cos β. Note that the above equation is common to all extensions [9] of the MSSM with the term f Φ † 1 Φ 2 χ in the superpotential and would serve as an unambiguous signal of physics beyond the MSSM at the supersymmetry breaking scale.
The Neutralino Sector
In 
where M 1,2 are allowed U(1) and SU(2) gauge-invariant Majorana mass terms which break the supersymmetry softly. Note that without the last two rows and columns, the above matrix does reduce to that of the MSSM if f u is identified with −µ. Recall that if f is very small, then the two-Higgs-doublet sector of this model is essentially indistinguishable from that of the MSSM, but now a difference will show up in the neutralino sector unless the µ parameter of the MSSM accidentally also happens to be very small. In other words, there is an important correlation between the Higgs sector and the neutralino sector of this model which is not required in the MSSM.
Since g N u cannot be small, the neutralino mass matrix M N reduces to either a 4 × 4 or 2 × 2 matrix, depending on whether f u is small or not. In the former case, it reduces to that of the MSSM but with the stipulation that the µ parameter must be small, i.e. of order 100
GeV. This means that the two gauginos mix significantly with the two Higgsinos and the lightest supersymmetric particle (LSP) is likely to have nonnegligible components from all four states. In the latter case, the effective 2 × 2 mass matrix becomes
Since v 1 v 2 /u is small, the mass eigenstates of M ′ N are approximately the gauginosB and A 3 , with masses M 1 and M 2 respectively. In supergravity models,
henceB would be the LSP.
In the chargino sector, the corresponding mass matrix is
If f u is small, then both charginos can be of order 100 GeV, but if f u is large (say of order 1 TeV), then only one may be light and its mass would be M 2 . In the MSSM, the superpotential has the allowed term µΦ † 1 Φ 2 . Hence there is no understanding as to why µ should be of order of the supersymmetry breaking scale, and not in fact very much greater.
Here f u is naturally of order of the U(1) N breaking scale, and since the latter cannot be broken without also breaking supersymmetry, the two scales are necessarily equivalent. This solves the so-called µ problem of the MSSM.
Gauge-Coupling Unification
In the MSSM, the three gauge couplings g 3 , g 2 , and g Y = (5/3) 1 2 g 1 have been shown to converge to a single value at around 10 16 GeV [11] . In the present model, with particle content belonging to complete 27 representations of E 6 and nothing else, this unification simply does not occur. This is a general phenomenon of all grand unified models: the experimental values of the three known gauge couplings at the electroweak energy scale are not compatible with a single value at some higher scale unless the particle content (excluding the gauge bosons) has different total contributions to the evolution of each coupling as a function of energy scale. The evolution equations of α i ≡ g 2 1 /4π are generically given to two-loop order by
where µ is the running energy scale and the coefficients b i and b ij are determined by the particle content of the model. To one loop, the above equation is easily solved:
Below M SUSY , assume the standard model with two Higgs doublets, then
Above M SUSY in the MSSM,
Note that in the above, the three supersymmetric families of quarks and leptons contribute equally to each coupling, whereas the two supersymmetric Higgs doublets do not. The reason is that the former belong to complete representations of SU (5) but not the latter.
For M SU SY ∼ 10 4 GeV, the gauge couplings would then unify at M U ∼ 10 16 GeV in the MSSM.
In the present model as it is, the one-loop coefficients of Eq. (38) above M SUSY (∼ u) are
because there are three complete 27 supermultiplets of E 6 . [Actually N is superheavy but it transforms trivially under SU(3)
] To achieve gauge-coupling unification, we must add new particles in a judicious manner. One possibility is to mimic the MSSM by adding one extra copy of the anomaly-free combination (ν e , e) and (
Since the relative differences of b Y , b 2 , and b 3 are now the same as in the MSSM, we have again unification at M U ∼ 10 16 GeV, from which we can predict the value of g N at M SU SY .
We show in Fig. 3 the evolution of α 
We work in the MS scheme, and take the two-loop matching conditions accordingly [12] . As an example, we use α = 1/127.9, sin 2 θ W = 0.2317, and α s = 0.116 at the scale M Z = 91.187
GeV. We also choose M SU SY = 1 TeV and use the top quark mass m t = 175 GeV. Note that the value of α N is always close to that of α Y since their one-loop beta fuctions are close in value to each other and they are required to be unified at the scale M U .
Another possibility is to exploit the allowed variation of particle masses near the superstring scale of M U ≈ 7g U · 10 17 GeV [13] in the MS scheme. Just as Yukawa couplings are assumed to be subject only to the constraints of the unbroken gauge symmetry, the masses of the superheavy 27 and 27 * multiplet components may also be allowed to vary accordingly.
For example, take three copies of (u, d) + (u * , d * ) and (ν e , e) + (ν * e , e * ) with M ′ much below
For M ′ ∼ 10 16 GeV, gauge-coupling unification at M U ∼ 7 × 10 17 GeV is again achieved.
We show in Fig. 4 the evolution of α that of α Y since they have the same one-loop beta functions for scales beneath M ′ and are required to be unified at M U . We note that the two-loop corrections are larger here than in the MSSM due to the much larger particle content. We also observe that for α s (M Z ) = 0.123 we obtain an M U which is about 1.5 times the superstring scale of 7g U · 10 17 GeV, whereas the M U in most supersymmetric grand unified models is about 0.04 times that number.
Concluding Remarks
To accommodate a naturally light singlet neutrino, an extra U(1) factor is called for. It has been shown [4] that the superstring-inspired E 6 model is tailor-made for this purpose as it contains U(1) N which has exactly the required properties. To obtain U(1) N as an unbroken gauge group, we need to break E 6 spontaneously along the N and N * directions with superheavy 27's and 27 * 's while preserving supersymmetry. This is impossible if the superpotential is allowed only terms up to cubic order so that the theory is renormalizable.
On the other hand, the requirement of renormalizability may not be applicable at the superstring unification scale, in which case the quartic term M −1 27 27 * 27 27 * in conjunction with the quadratic term m 27 27 * in the superpotential would result in 27 = 27 * = (−2mM) 
